Respiratory syncytial virus (RSV) is a major cause of severe lower respiratory tract disease in infants and the elderly, but no safe and effective RSV vaccine is yet available. For reasons that are not well understood, RSV is only weakly immunogenic, and reinfection occurs throughout life. This has complicated the search for an effective live attenuated viral vaccine, and past trials with inactivated virus preparations have led to enhanced immunopathology following natural infection. We have tested the hypothesis that weak stimulation of innate immunity by RSV correlates with ineffective adaptive responses by asking whether expression of the fusion glycoprotein of RSV by Newcastle disease virus (NDV) would stimulate a more robust immune response to RSV than primary RSV infection. NDV is a potent inducer of both alpha/beta interferon (IFN-␣/␤) production and dendritic cell maturation, while RSV is not. When a recombinant NDV expressing the RSV fusion glycoprotein was administered to BALB/c mice, they were protected from RSV challenge, and this protection correlated with a robust anti-F CD8 ؉ T-cell response. The effectiveness of this vaccine construct reflects the differential abilities of NDV and RSV to promote dendritic cell maturation and is retained even in the absence of a functional IFN-␣/␤ receptor.
Respiratory syncytial virus (RSV), a Pneumovirus of the family
Paramyxoviridae, infects the majority of individuals in their first year of life. RSV is the major cause of bronchiolitis and pneumonia in infants and young children and accounts for approximately 85,000 pediatric hospitalizations per year in the United States alone (48) . Many pediatric viral diseases have been eradicated or lessened in severity by successful vaccination programs, but no safe and effective vaccine yet exists for RSV despite exploitation of multiple approaches (12, 13) . Difficulties in RSV vaccine development relate to (i) the poor immunogenicity of RSV (reinfection occurs throughout life [26] ) and (ii) the ability of viral proteins to elicit a Th2, or allergic-type, memory response in some contexts (23, 28, 32, 46, 61) . Although primary infection with RSV promotes Th1 cell differentiation, early trials of an inactivated viral vaccine (FI-RSV) led to incomplete immunity and exacerbated eosinophilic disease in vaccinated children after natural infection (10, 16, 35, 36) . These results have led RSV researchers to proceed with caution and to look beyond conventional methods and adjuvants in exploring new RSV vaccine strategies (27, 45) .
We have hypothesized that poor stimulation of innate immune defenses by RSV might be the basis for the inadequate adaptive immune response to this infection. One indication of this inhibition of, or escape from, innate host responses is the minimal alpha/beta interferon (IFN-␣/␤) response to RSV infection. IFN-␣/␤ are synthesized by virus-infected cells and by virus-stimulated plasmacytoid dendritic cells (pDCs) within hours postinfection in many viral systems (1) . Importantly, it has been shown that RSV infection blocks production of IFN-␣/␤ in a variety of infected cell types, including the pDCs (54, 55) , which are the major source of serum IFN. While the direct antiviral effects of IFN-␣/␤ are their best-characterized function, their ability to influence dendritic cell (DC) activation has suggested a role for these cytokines in shaping adaptive immune responses to virus infection (14, 38, 57) . In this proofof-principle study, we tested whether mucosal immunization with a Newcastle disease virus (NDV) vector (44) expressing an RSV antigen would result in protective antiviral immunity without exacerbated immunopathology. NDV, a member of the Avulavirus genus in the Paramyxoviridae family, replicates poorly in mammalian cells but is known for its ability to induce significant amounts of IFN-␣/␤ and to provide a strong stimulus for DC maturation (6, 30) . In vitro we observed a marked difference in the ability of NDV and RSV to stimulate DC maturation, with greatly enhanced activation of DC cultures by NDV.
To test whether delivery of RSV proteins by NDV could augment the antiviral response induced by primary infection, we constructed a strain of NDV expressing the RSV fusion (F) glycoprotein (NDV-F) and used this to prime naïve BALB/c mice. The NDV-F-treated animals were partially protected from RSV challenge with decreased viral loads and minimal disease. Specifically, NDV-F-induced immunity was mediated by a more potent RSV F-specific CD8 ϩ T-cell response than that seen following a typical primary RSV infection. These results supported the prediction that increased levels of IFN-␣/␤ would augment both DC maturation and CD8 ϩ T-cell priming but did not prove that the effects of NDV were in fact IFN-␣/␤ dependent. This question was asked using a genetic approach and by comparing the efficacy of NDV-F immunization in wild-type (WT) and IFN-␣/␤ receptor knockout (IF-NAR Ϫ/Ϫ ) mice. Surprisingly, the adjuvant effect of the NDV vector was not IFN-␣/␤ dependent, and a similar boost in the number of antigen-specific memory T cells was obtained in WT or knockout animals. While it is generally accepted that maturation of myeloid DCs, the antigen-presenting cells thought to be most important for CD8 ϩ T-cell priming, requires IFN-␣/␤ (38), we asked whether this was true for NDV-infected cells. Where large differences were observed in the ability of RSV and NDV to promote maturation of WT myeloid dendritic cells (mDCs), this was not true for cells obtained from IFNAR Ϫ/Ϫ animals. In receptor-deficient mice, neither virus stimulated the appearance of maturation markers in mDCs generated from bone marrow (BM) in the presence of granulocyte-macrophage colony-stimulating factor (GM-CSF). Interestingly, the absolute requirement for IFN-␣/␤ signaling did not extend to BM-derived, Flt-3L-cultured DCs. In this more heterogeneous DC population (19) , activation of IFNAR Ϫ/Ϫ cells by virus was somewhat decreased in comparison to WT but was not ablated. Thus, stimulation of DCs by the NDV vector occurs by both IFN-␣/␤-dependent and -independent pathways.
MATERIALS AND METHODS
Cells, virus stocks, and plasmids. Vero (ATCC CCL-81) and HEp-2 (ATCC CCL-23) cells were maintained in Dulbecco modified Eagle's medium (DMEM) containing 10% fetal bovine serum and 1% penicillin-streptomycin (Gibco). DC studies were carried out using cultures derived from BM of WT or IFNAR Ϫ/Ϫ BALB/c mice. BM cells were washed in RPMI and plated at 2 ϫ 10 6 cells/10-cm plate in RPMI containing 10% fetal bovine serum and 20 ng/ml GM-CSF (R&D). Human RSV, A2 strain, was obtained from ATCC (VR-1540) and grown in HEp-2 cells using previously described methods (17) . Recombinant NDV was prepared as described by Nakaya et al. (44) . Plasmid LF1 containing the F gene of the RSV Long strain was kindly provided by Jose Antonio Melero (Instituto de Salud Carlos III, Madrid, Spain).
RSV titers. The lungs of mice euthanized 5 and 8 days postchallenge were quick-frozen and stored at Ϫ80°C until assayed for viral titers. After homogenization in 1 ml of phosphate-buffered saline, the samples were used in a plaque assay on murine STAT1 Ϫ/Ϫ fibroblast monolayers (15) . Titers are expressed as the log 10 PFU per gram of lung tissue.
Generation of monoclonal antibodies against RSV. The RSV A2 strain was grown in HEp-2 cells and purified as described previously (52) . Fifty micrograms of purified RSV per mouse was used to inoculate BALB/c mice intraperitoneally. Three days before the fusions, mice were injected intravenously with 25 g of purified RSV. Three weeks after the first inoculation, one mouse was euthanized and the splenocytes were used to make fusions to generate monoclonal antibodies. The first screening of hybridomas was performed by enzyme-linked immunosorbent assay (ELISA) using lysates from HEp-2 cells uninfected or infected with RSV. Hybridoma clones were subsequently screened by immunostaining on mock-and RSV-infected cells. Eight monoclonal antibodies specific for RSV F protein (9B1, 9E4, 18B6, 18D5, 22A4, 22G6, 34H5, and 75D1) were obtained, and all of them were characterized by immunostaining and immunofluorescence (data not shown). The F-specific monoclonal antibodies 47F, 22A4, and 22G6 were used to characterize the NDV virion expressing the RSV F glycoprotein.
Construction, rescue, and growth of recombinant NDVs expressing the RSV F glycoprotein. The open reading frame (ORF) from the RSV Long strain F glycoprotein was amplified by PCR from the LF1 plasmid and cloned between the P and M genes of the NDV Hitchner B1 cDNA (Fig. 1A) (44) . Primer NDV-RSVF 5Ј/XbaI (5Ј-CGCGTCTAGATTAGAAAAAATACGGGTAGAACC GCCACCATGGAGTTGCCAATCCTCAAAGCAAAT-3Ј), containing the XbaI site (underlined), NDV gene stop (bold), intergenic region, transcription start (italics), and the Kozak sequence (CCGCCACC), and primer NDV-RSVF 3Ј/NheI (5Ј-CGCGGCTAGCGTTATTAGTTACTAAATGCAATATTATTTA T-3Ј) containing a NheI restriction site (underlined) and four extra nucleotides (bold) after the stop codon to comply with the rule of six, were used to PCR amplify the F ORF from the LF1 plasmid. The virus was rescued from cDNA as described elsewhere (44) , and the presence in the viral genome of the inserted ORF was confirmed by reverse transcription-PCR (RT-PCR) and immunofluorescence. The NDV-F virus was grown in 10-day-old embryonated chicken eggs. Virus titers were determined by immunofluorescence using a polyclonal antibody against NDV.
Immunofluorescence assays. Confluent monolayers of Vero cells were infected with WT NDV and NDV-F. After 1 h of adsorption, the virus was removed and cells were incubated in 10% DMEM. Vero cells infected with RSV A2 were used as a positive control. At 48 h postinfection, cells were fixed in 2.5% paraformaldehyde, permeabilized with 0.1% Triton X-100 and incubated with the monoclonal antibodies 22A4 and 22G6 (specific for RSV-F). Rabbit polyclonal antibody against NDV (1:100) was used as a control for NDV infection. Infected cells were then incubated with a secondary anti-mouse fluorescein isothiocyanate (FITC)-conjugated antibody (1:100) or anti-rabbit-FITC antibody (1:100) and visualized under a fluorescence microscope at 20ϫ magnification. RSV-F-specific monoclonal antibody 47F, a gift from J. A. Melero, was used as a positive control for the immunofluorescence. The monoclonal antibody against the NDV-HN glycoprotein (7B1) was generated by the Mount Sinai School of Medicine hybridoma facility.
Immunization and challenge. WT BALB/c mice, 3 to 4 weeks of age, were purchased from Harlan (Indianapolis, IN). IFNAR Ϫ/Ϫ mice (43) backcrossed for nine generations onto the BALB/c background were housed in the specificpathogen-free barrier facility at Columbus Children's Research Institute. The mice were immunized intranasally (i.n.) with 5 ϫ 10 5 PFU in 50 l of NDV-WT, NDV-F, or RSV under light anesthesia (Avertin; Sigma-Aldrich). The mock immunization group received allantoic fluid. Four weeks postimmunization, the mice were challenged i.n. with 10 7 PFU RSV in 50 l. The mice were sacrificed at 5 and 8 days postchallenge for collection of bronchoalveolar lavage fluid (BAL), lung tissues, and splenocytes. All procedures involving mice were performed in compliance with federal and institutional guidelines.
Lung histopathology. Lungs harvested for microscopic examination were inflated with 10% formalin at harvest, fixed in formalin, and processed for paraffin embedding. Four-micron sections were either stained with hematoxylin and eosin or deparaffinized for immunohistochemical staining. The slides were treated with 3% hydrogen peroxide for 15 min and blocked with Superblock (ScyTek) for 5 min at room temperature. Immunohistochemistry was performed using goat anti-RSV serum (1:500 dilution) followed by biotinylated anti-goat immunoglobulin G (ScyTek). After soaking in Optimax wash buffer (BioGenex) for 10 min, the slides were treated with streptavidin-horseradish peroxidase (ScyTek) for 20 min at room temperature. A red color reaction was observed following aminoethylcarbazole (ScyTek) substrate addition, and hematoxylin was used as a counterstain. Images were captured using the Zeiss AxioCam HRc with AxioVision software.
BAL. Mice were euthanized by CO 2 inhalation. The trachea was cannulated, and the lungs were washed with 1 ml phosphate-buffered saline. Lavage fluid FIG. 1. The ORF encoding the RSV F protein was cloned between the P and M genes of the NDV cDNA to create the NDV-F vaccine construct (A). After the recombinant virus was rescued from the cDNA, proper insertion of the ORF was confirmed by RT-PCR (B and C).
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on October 15, 2017 by guest http://jvi.asm.org/ from individual animals was centrifuged, and the supernatants were stored at Ϫ80°C. The BAL pellets were resuspended, and total cell counts were recorded based on trypan blue exclusion. Cytospins of the BAL cells were stained with Wright Giemsa and used to determine differential cell counts. IFN-␣/␤ bioassay. One lung from each mouse was homogenized in 1 ml serum-free DMEM and clarified by centrifugation. Lung samples were acid treated to a pH of 2 to inactivate any input virus as well as other cytokines. Samples were then neutralized with sodium bicarbonate, and twofold dilutions of each were added to murine fibroblast monolayers in 96-well plates. After overnight incubation at 37°C, 1.25 ϫ 10 5 PFU of vesicular stomatitis virus (VSV) were added to each well. An IFN-␣/␤ standard was used in parallel to generate a standard curve (Access Biomedical). Additional controls included untreated monolayers with and without VSV infection. After 2 days of incubation, wells were fixed with 2% formaldehyde and stained with crystal violet. Test sample IFN-␣/␤ concentrations were determined by comparison of protection from VSV-induced cell killing with that seen with known amounts of IFN-␣/␤.
In vitro stimulation of memory splenocytes. Splenocytes from mice immunized i.n. with mock, NDV-WT, NDV-F, or RSV and then challenged with RSV i.n. were harvested 8 days postchallenge. Pooled splenocytes from each group of five mice were cultured in RPMI 1640 with 5% fetal calf serum and 5% rat T-STIM (Collaborative Biomedical Products, Bedford, MA) in the presence of an H-2K drestricted peptide (10 g/ml) for 1 week. The major histocompatibility complex (MHC) class I-restricted peptide KYKNAVTEL from the RSV F protein (F 85-93) was synthesized by Research Genetics, Inc. (Invitrogen) (9) . On day 7, cell culture supernatants were collected from each treatment group before the cells were restimulated with peptide for 6 h using peptide-pulsed gamma-irradiated splenocytes harvested from naïve wild-type BALB/c mice. The stimulated cells were lysed in TRIzol (Life Technologies, Rockville, MD), and cytokine transcripts from 10 to 20 g of RNA were assayed by RNase protection using the RiboQuant mck1 multiprobes (BD Pharmingen) according to the manufacturer's instructions. Quantitation was carried out using the Storm PhosphorImager (Molecular Dynamics) and ImageQuant software. Data were graphed following normalization of values to the intensity of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) signal in each sample.
ELISA and ELISPOT assays. BALs, lymphocyte culture supernatants, and lung homogenate supernatants were tested for IFN-␥ protein by ELISA (BectonDickinson) as per the directions included in each kit. IFN-␥ ELISPOTS were carried out using kits purchased from U-CYTECH (Utrecht, Holland) Dendritic cell studies. DC studies were carried out using cultures derived from BM of BALB/c WT or IFNAR Ϫ/Ϫ mice. BM cells were washed in RPMI and plated at 2 ϫ 10 6 cells/10-cm plate in RPMI containing 10% fetal bovine serum and 20 ng/ml murine GM-CSF (R&D) or 100 ng/ml human Flt-3L (Peprotech) according to the method of Gilliet et al. (19) . This protocol routinely gives Ͼ90% pure populations of CD11c ϩ DCs after 8 days of culture in either cytokine and mixtures of (80 to 85%) CD11c ϩ CD11b ϩ B220 Ϫ mDCs and (15 to 20%) CD11c ϩ CD11b Ϫ B220 ϩ pDCs after 8 days of culture in Flt-3L. Cells were infected with virus at a multiplicity of infection of 5 to 10 and harvested for analysis after 48 h. DCs were stained with phycoerythrin (PE)-labeled biotinylated antibody to CD11c plus PE-conjugated streptavidin as well as FITC-labeled antibodies to CD40, CD80, CD86, and MHC class II. All antibodies were purchased from eBioscience. Stained cells were analyzed using a FACSCalibur flow cytometer (Becton-Dickinson) and FlowJo software.
Statistical analysis. Data are expressed as means Ϯ standard errors of the means. Statistical significance was determined by the Student t test as calculated using SigmaPlot 8.0 for Windows software. P values of Ͻ0.05 were considered statistically significant.
RESULTS
A recombinant NDV expressing the F protein from RSV was constructed. Our group has previously reported the development of a reverse genetic system for the generation of recombinant NDV viruses, and these methods were used in the preparation of NDV-F (44). The F gene from RSV was inserted between the P and M genes of the NDV cDNA (Fig.  1A) . NDV-F was rescued from the cDNA as previously described, and the presence of the RSV F gene was confirmed by RT-PCR. The recombinant virus grew to titers similar to wildtype NDV in embryonated chicken eggs (data not shown). Expression of the RSV F protein by NDV-F was confirmed by immunostaining of infected Vero cells 48 h postinfection (Fig.  2) . As expected, cells infected with wild-type NDV were not stained by monoclonal antibodies specific for the RSV F protein, but they were positive for immunostaining using rabbit polyclonal antisera against NDV as well as the monoclonal antibody 7B1, specific for the NDV-HN glycoprotein. In contrast, cells infected with NDV-F were stained by three different monoclonal antibodies against the RSV F protein (47F, 22A4, and 22G6) as well as the anti-NDV antiserum (Fig. 2) .
NDV-F is a more potent inducer of IFN-␣/␤ than RSV. NDV was chosen as a viral vector because of its ability to induce a strong IFN-␣/␤ response (2, 6). As IFN-␣/␤ are known to enhance antigen presentation through the MHC class I pathway (30, 37, 53, 57) , we predicted that RSV proteins would be more immunogenic if presented in the context of stronger IFN-␣/␤ induction. To measure the IFN-inducing capacity of our chimeric viral construct, we used NDV-F and RSV (A2 strain) to infect BALB/c mice i.n. and determined IFN-␣/␤ activity in bronchoalveolar lavage supernatants harvested 9, 24, and 48 h postinoculation with 5 ϫ 10 5 PFU of each. Although the kinetics of IFN-␣/␤ induction measured in BAL fluids was similar between NDV-F-and RSV-inoculated mice, the magnitude of the IFN response was 1,000-fold greater in NDV-F compared to RSV-treated animals at various time points postinfection (Fig. 3) . Similar results were obtained when levels of IFN-␣/␤ bioactivity in lung homogenates from NDV-WT-, NDV-F-, and RSV-treated mice were compared at the same time points (data not shown). By 48 h IFN levels decreased in all samples, but the response induced by NDV-F was sustained over a longer time period (Fig. 3) . 7 PFU of RSV, also delivered i.n. At day 5 postchallenge, when RSV replication was at or near its peak (24) , lungs from five immunized mice of each group were assayed for viral titers. Virus loads in mock-immunized mice were on the order of 10 5 PFU per g of lung tissue, similar to the levels detected in mice immunized with wild-type NDV (Fig. 4) . In contrast, mice immunized with NDV-F consistently showed, over three experiments, a 10-fold decrease in RSV lung titers (Fig. 4) . The significance of this 1-log decrease in virus titer following immunization with NDV-F was best appreciated by immunohistochemical staining of RSV antigens in lung sections taken from each experimental group of animals. This study is shown in Fig. 5 in photomicrographs taken using a low-power, 10ϫ objective (ϫ100 magnification). Lungs from mock-immunized mice (Fig. 5B) showed diffuse, RSV-specific immunostaining on day 5 after RSV challenge which was brightest in the pneumocytes lining the alveolar spaces. RSV antigen was also detected in the lungs of NDV-F-primed mice (Fig. 5D ), but in those animals the staining was very focal and reduced to approximately 10% of that seen in mock-immunized controls. Animals primed with NDV-WT were similar to mock-infected controls and are not pictured. By day 8 after challenge, no viral antigen could be detected in any animal.
In corresponding hematoxylin-eosin-stained sections taken from the same tissue blocks (Fig. 5A and C) , no notable differences in severity of inflammation were seen between cohorts. In addition to the microscopic examination, BAL specimens from similarly treated mice were used to obtain a quantitative estimate of the number and type of inflammatory cells seen after challenge. Cell counts were similar for mockand NDV-F-primed mice, as well as for animals experiencing a secondary RSV infection (data not shown). At day 8 postchallenge, differential cell counts were also similar between these groups (data not shown). Infiltrates consisted of lymphocytes and macrophages distributed primarily around airways and blood vessels in mock-, NDV-WT-, and NDV-F-immunized animals. Therefore, NDV-F-immunized animals were not predisposed to enhanced immunopathology after RSV challenge, suffering only the relatively mild lymphocytic inflammation typical of primary RSV infection NDV-F promotes CD8 ؉ T-cell activation. Having observed that NDV-F priming provides protection against RSV challenge, we wished to know what type of immunity was primed in the immunized animals. Neutralizing antibodies were not detected in the sera of any group day 8 postchallenge (data not shown), and so we were interested to see whether RSV-specific CD4 ϩ and/or CD8 ϩ T-cell responses could be found in immunized animals and how these responses differed from those in mice previously infected with RSV. Mice were mock infected or infected i.n. with 5 ϫ 10 5 PFU of NDV-WT, NDV-F, or RSV. We observed that mice immunized with NDV-F had a fourfold greater increase in pulmonary IFN-␥ levels 4 days following virus challenge than did mock-immunized, vectorimmunized, or previously RSV-infected animals (Fig. 6A) . At 
FIG. 4. NDV-F-treated mice were protected against RSV challenge. Four weeks after mock immunization or immunization with the NDV vector or NDV-F, WT (A) and IFNAR
Ϫ/Ϫ (B) mice were challenged with 10 7 PFU of RSV A2 and lung virus titers were determined 5 days later by plaque assay. An asterisk denotes a significant difference between the control-immunized mice (mock and NDV) and the NDV-F-treated mice (P ϭ 0.05 for WT mice; P ϭ 0.025 for IFNAR Ϫ/Ϫ mice). Data in panel A were replicated in two additional experiments.
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this time point, lung IFN-␥ levels in previously RSV-infected mice were not significantly different from those found in mockor NDV-immunized controls.
As a more specific measure of RSV immunity, we looked to see whether memory T cells recognizing a known, immunodominant RSV F protein epitope could be detected in the spleens of NDV-F-immunized mice. Splenocytes of mice sacrificed 8 days following RSV challenge were pooled for each experimental group (n ϭ 5) and stimulated with the MHC class I-restricted F 85-93 peptide (KYKNAVTEL) (9) in vitro. As with the lung homogenates, IFN-␥ levels measured in the medium following peptide stimulation were sixfold greater in T- cell cultures derived from mice immunized with NDV-F than from cultures derived from the other immunization groups (Fig. 6B) . RNase protection assay of cytokine transcripts produced by peptide-stimulated lymphocytes showed a similar (fourfold) rise in IFN-␥ transcript without an increase in interleukin-13 (IL-13) production by NDV-F-immunized mice (Fig. 6C) . IL-13 was chosen as an indicator of Th2 cytokine production, as this cytokine was previously found to predominate following RSV infection in STAT1 Ϫ/Ϫ mice, which lack the ability to generate a Th1 response (33) . As observed in the lung samples taken at 4 days postchallenge, IFN-␥ production by splenocytes derived from mice previously infected with RSV was not significantly enhanced compared to cultures from mock-immunized animals. An IFN-␥ ELISPOT, performed with the same F 85-93 peptide, also demonstrated a twofold increase in the number of memory T cells found in NDV-Fversus RSV-primed animals (Fig. 6D) . Thus, it appears that NDV-F is able to stimulate an RSV F-protein-specific, CD8 ϩ T-cell-mediated response to challenge that is more robust than that resulting from previous RSV infection.
We had initially predicted that the effects of NDV-F would be dependent upon the IFN-␣/␤ generated by the NDV vector, and to test this hypothesis we repeated these studies using BALB/c mice lacking the IFN-␣/␤ receptor (43) . Viral titers of infected lung homogenates from NDV-F-primed animals showed the same 10-fold reduction compared to controls (Fig.  4B) , and numbers of RSV F protein-specific CD8 ϩ T cells showed the same increase over controls in both wild-type and IFNAR Ϫ/Ϫ animals (Fig. 7) . NDV promotes DC maturation much more effectively than RSV. The experiments described above were done to test the hypothesis that strong IFN-␣/␤ induction by the NDV vector would promote increased DC and T-cell activation. However, as demonstrated in Fig. 7 , the induction of RSV-specific CD8 ϩ T-cell responses by NDV-F was not, in fact, IFN-␣/␤ dependent. Given this result, we then sought to determine whether the ability of NDV to stimulate DCs was dependent upon IFN-␣/␤. This question had previously been addressed by Honda et al. (30) , who showed that while NDV infection of wild-type DCs, derived from BM of 129SvEv mice and cultured in GM-CSF, did lead to upregulation of the activation markers CD40, CD80, CD86, MHC class I, and MHC class II, cells lacking the IFN-␣/␤ receptor did not mature. To clarify this issue we performed similar in vitro studies with BALB/c mice, but using BM-derived DCs cultured in the presence of either GM-CSF or Flt-3L, to yield mDCs or a mixture of mDCs and pDCs, respectively (19) . DCs prepared under each culture condition were inoculated with virus at a multiplicity of infection of 5 to 10 and analyzed 24 h later. Cells were stained with biotinylated anti-CD11c antibody and PE-conjugated streptavidin to mark the dendritic cells and then costained with FITCconjugated antibodies to activation markers. Gating on the CD11c ϩ cell population, relative expression of CD40, CD80, CD86, and MHC class II was compared for RSV-and NDVinfected cells. As seen in Fig. 8 , WT mDCs infected with either virus upregulated expression of all four markers, although NDV appeared to be much more effective (Fig. 8A) . Consistent with the results of Honda et al. (30) , mDC activation by either virus was minimal in the absence of the IFN-␣/␤ receptor. However, a very different picture emerged when pDCcontaining cultures, grown up in the presence of Flt-3L, were similarly assayed. Preparations of WT cells were stimulated equally well by either virus (Fig. 8B) , perhaps related to the very high levels of IFN-␣/␤ activity present in those cultures compared with medium from RSV-infected mDCs (Fig. 9) . Nonetheless, in the presence of pDCs, virus-mediated DC activation was much less dependent on IFN-␣/␤ (Fig. 8B) , and there was definitive, though decreased, activation of IFNAR Ϫ/Ϫ DCs by virus. Taken together, results from experiments shown in Fig. 7, 8, and 9 show that NDV stimulation of DCs, in the presence or absence of IFN-␣/␤ signaling, is sufficiently robust to mediate the increased RSV-specific T-cell activation generated by NDV-F.
DISCUSSION
Despite its clinical importance, a safe and effective RSV vaccine has not yet been developed. A number of factors contribute to the difficulty of this problem, including the early age of primary infection, the presence of maternal antibodies in the neonate, and the potential for vaccine-enhanced disease. To circumvent the problems associated with the inactivated viral vaccine, a number of laboratories have pursued the strategy of generating attenuated vaccine strains (13, 51) , an approach that has been successful for many other viral pathogens. Unfortunately, separation of disease and immunogenicity has (20, 26, 29, 31, 56) . Long lasting T-cell responses are induced by primary RSV infection (47) , but their protective efficacy is uncertain (3, 8) , and their potential for mediating inflammatory pathology is well established (7, 22, 59) . In this study we have focused on the poor immunogenicity of RSV and asked whether presentation of RSV antigens in the context of strong IFN-␣/␤ induction would induce protective T-cell responses. This hypothesis was based upon the observation that, unlike the strongly immunogenic influenza virus, IFN-␣/␤ is not detected in the serum or nasal secretions of RSV-infected children (25, 41) . In addition to the well-known direct antiviral effects of IFN-␣/␤ (1), its role in shaping the adaptive immune responses to viral pathogens has also begun to be appreciated. IFN-␣/␤ have been shown to promote antigen processing and presentation through the MHC class I pathway in DCs (30, 37, 53, 57) , as well as the activation, expansion, and survival of CD8 ϩ T cells (34, 40, 50) . Not surprisingly, most viruses have evolved mechanisms to limit IFN-␣/␤ production and/or function (18, 21) . In the case of RSV, the NS1 and NS2 proteins of both the human and the bovine strains antagonize IFN-␣/␤ production by inhibiting IRF3 activation (4, 5, 55) . While it is not clear that antiinduction mechanisms encoded by RSV are more potent than those of other viral pathogens, the very low levels of IFN-␣/␤ found in serum and nasal washings of RSV-infected patients (25, 41) suggest that this may be the case. Nonetheless, there appear to be multiple strategies employed by RSV to avoid immune recognition following primary and secondary infections, and one of these is the inability of this virus to activate the antigenpresenting DC compartment.
We have constructed a chimeric viral vaccine using a reverse genetic approach, inserting the RSV F protein gene into the backbone of NDV, another Paramyxoviridae family member (44) . NDV, an avian virus that replicates poorly in mammalian cells or tissues due, at least in part, to its inability to prevent a strong IFN-␣/␤ response in mammalian species, was chosen as a vector for these reasons (2, 42) . While the details of IFN-␣/␤ induction by NDV are not completely understood, the IFNantagonizing functions of the viral V protein appear to be restricted to the avian host (49) . The RSV F gene was chosen as the target antigen for two reasons. Firstly, only antibodies directed at the F and G surface glycoproteins of RSV are associated with protection (11), and secondly, of these two proteins, only F contains both CD4 ϩ and CD8 ϩ T-cell epitopes (58). The G protein, which has been associated with the priming of Th2 responses, has no MHC class I-restricted peptide epitopes that are recognized by the BALB/c mouse (60) . We predicted that the NDV-F virus would be a much stronger inducer of IFN-␣/␤ in BALB/c mice than RSV following i.n. instillation despite its inability to productively replicate in the mouse, and we found this to be true (Fig. 3) . We then looked to see whether NDV-F-immunized mice showed any correlates of protection upon challenge with RSV A2 and, if so, how this protection was mediated. Our objective in performing this experiment was to test the hypothesis that immunization with an IFN-␣/␤-inducing adjuvant would enhance the adaptive immune response to RSV. While mucosal NDV-F immunization with 5 ϫ 10 5 PFU did not prevent infection, virus burden was decreased 10-fold without evidence of enhanced inflammation or Th2 cytokine production. RSV F-specific, CD8
ϩ memory T cells were present in greater numbers in NDV-F-primed mice than in animals previously infected with RSV, suggesting that NDV-F may be a more effective immunogen than RSV itself.
The expectation that IFN-␣/␤ induction would have an adjuvant effect was based on the ability of this cytokine to promote DC maturation as well as cross-priming during virus infection (37, 38, 57) . Our data show that the effects of both viruses on mDC cultures are largely IFN-␣/␤ dependent; NDV is a much more effective activator but also induces much higher levels of IFN-␣/␤ in the mDC population. Conversely, in Flt-3L-expanded cultures that contain pDCs as well, IFN-␣/␤ levels and extent of maturation are equivalent. This is consistent with our hypothesis but does not explain the ability of NDV-F to protect IFNAR Ϫ/Ϫ mice from RSV challenge. The in vivo study demonstrating that NDV-F is immunogenic even in the absence of the IFN-␣/␤ pathway (Fig. 7) suggests that NDV can activate DCs by alternate pathways as well. Evidence for this additional pathway is shown in Fig. 8B , which illustrates maturation of IFNAR Ϫ/Ϫ DCs, particularly by NDV, in BMderived DCs cultured with Flt-3L. The mechanism underlying this IFN-␣/␤-independent pathway is beyond the scope of this present study, but we speculate that a population of cells present in the Flt-3L cultures is activated by virus to secrete an additional cytokine(s) that can also mediate DC maturation. Studies aimed at the characterization of these factors are currently in progress.
In addition to its inherently high adjuvant properties, as shown by our studies, NDV is an attractive vaccine viral vector in humans because of several additional characteristics. Importantly, NDV has proven to be safe in humans, as determined in several clinical trials focused on the use of this virus as an oncolytic agent in cancer patients (39) . In our experiments, we have used an attenuated viral strain of NDV (Hitchner B1) currently employed as a live attenuated vaccine in poultry against Newcastle disease. The lack of preexisting immunity against this virus in the vast majority of the human population represents another important factor that facilitates the use of NDV as a vaccine vector.
In conclusion, we have provided evidence that the RSV F protein is more immunogenic when presented by NDV-F than by RSV itself and that this correlates with an increased ability of NDV to activate antigen-presenting cells in vitro and to induce high levels of IFN-␣/␤ in vivo. Mucosal NDV-F instillation can effectively prime a population of CD8 ϩ memory T cells that persist and mount a strong IFN-␥ response upon reintroduction of antigen. This vectored vaccine therefore offers a measure of protection against RSV challenge, while IFN-␥ secreted by F-specific CD8 ϩ T cells promotes a robust Th1 response to viral epitopes not yet seen by the host immune system. The mechanism of this adjuvant effect is largely mediated by the potent IFN induction by the avian viral vector. This approach to RSV immunization, one of expressing RSV antigens in vectors more capable of immune stimulation, may offer a useful alternative to the problems encountered with both live attenuated and inactivated vaccine preparations. 
